In the present study, a high strength steel for offshore wind turbine tower substructure was submitted to tensile load using slow strain rate technique to evaluate fracture characteristics of the steel with application of electrochemical potentials ranging from free corrosion potential to -1.2 V in natural seawater. The results of the study revealed that the fracture characteristics of the steel changed drastically with different applied potentials. The failure time ratio was 0.5 or less in the potential range of -1.0 V to -1.20 V due to hydrogen evolution. The fractured surface after the slow strain rate test indicated that the brittle fracture tendency was prevalent in the potential region corresponding to the hydrogen embrittlement. It is concluded that cathodic overprotection exceeding -1.2 V may lead to brittle fracture of the offshore steel structure.
Introduction
Corrosion is a major problem in offshore environments due to extreme operational conditions and the presence of corrosive medium, and therefore corrosion protection measures are essentially employed to protect the offshore substructure from aggressive corrosion attacks. Impressed current cathodic protection (ICCP) is considered as an effective method to protect the metallic structure against corrosive medium. In application of ICCP, optimization of protection potential is important because if the steel structure is cathodically over-protected, the structure becomes vulnerable to corrosion damage caused by cathodic disbonding or hydrogen embrittlement (also called hydrogen-assisted cracking) [1] . Therefore, optimization of protection potential is essential to select the best possible condition for corrosion protection. With increasing application of high strength grade steels in offshore structure, there is potentially a high risk of hydrogen embrittlement due to the cathodic protection. Many researches are found in the literature on hydrogen embrittlement of high strength steel [2] [3] [4] . They mainly focused on the hydrogen effects on hydrogen embrittlement of the steel. However, only a few studies deal with hydrogen-assisted cracking of high strength steel under the influence of externally applied electrochemical potential in chloride solution [5, 6] .
In this study, S355ML steel specimens for offshore wind turbine tower substructure were exposed to various anodic and cathodic potentials under slow strain rate testing in natural seawater solution. In the slow strain rate test (SSRT), tensile loading at slow strain rate can induce * corresponding author; e-mail: ksj@mmu.ac.kr localized hydrogen agglomeration through diffusion of hydrogen in the steel, which can lead to brittle fracture, enabling further evaluation of fracture behavior of the steel with different applied potentials.
Experimental procedure
The material used in this study was the S355ML steel which is a high-strength low-alloyed structural steel manufactured by thermo-mechanical control process (TMCP). The chemical composition of the steel is [wt%]: C 0.14, Si 0.5, Mn 1.6, S 0.025, N 0.02, Al 0.02, Nb 0.05, V 0.1, Ti 0.05, Cr 0.30, Ni 0.50, Mo 0.10, Cu 0.55 and Fe balance. The tensile test specimen was machined so that it had the gauge length of 25 mm and the parallel length of 55 mm. Figure 1 shows a three-electrode electrochemical cell configuration containing natural seawater solution attached to the SSRT machine. In the electrochemical cell, the working electrode was a tensile test specimen, the counter electrode was Pt mesh, and the reference electrode was silver-silver chloride electrode (Ag/AgCl). The electrochemical tensile test specimen was electrically insulated from the seawater solution with masking tape except for the parallel parts, and the surface area exposed to the solution was approximately 5.5 cm 2 . In the slow strain rate tensile test, the specimen immersed in the electrochemical corrosion cell containing the seawater solution at room temperature were exposed to various potentiostatic conditions ranging from 0 V (free corrosion potential) to -1.2 V vs reference electrode. A tensile load was applied at a constant crosshead speed of 0.006 mm/min until fracture in a tensile testing machine while applying a potential to the specimen, simultaneously. After the completion of each test, the specimen was washed with distilled water and acetone, dried in a hot air dryer, and stored in a vacuum dryer at 50 • C for microscopic examination. The fractured surfaces were observed with scanning electron microscope (SEM) and compared with each other by applied potentials. Figure 2 shows the change of current density of S355ML steel with time measured from the slow strain rate tensile test to the fracture with applying various potentials in natural seawater solution. Fig. 2 (a) shows the change of current density when applying potentials of 0 ÷ −0.60 V, which is the potential region corresponding to the anodic polarization. The current density measured in this test was a value considering the initial surface area before the test, and did not reflect the change in surface area during loading. The potentials of 0 V, -0.25 V, and -0.50 V showed a positive current density until fracture, which means that the anodic dissolution reaction proceeded to failure. At the potential of -0.60 V, the current density was lower than that of the previously applied potential, and the negative current density was maintained until the fracture even though it corresponds to anodic polarization on the polarization curve. This may be attributed to so-called "ennoblement" phenomenon in which the corrosion potential of the base material moves in the noble direction occurred by the tensile loading [7] . It is believed that the ennoblement is related to the increase of the electrical resistance of the specimen. The electrical resistance is proportional to the length of the conductor and inversely proportional to the cross-sectional area. In general, the electrical resistance at overall gauge length is increased by the elastic or plastic elongation of the specimen during loading. At this time, if the stress corrosion crack is initiated, the electric resistance is further increased due to the cross-sectional area reduced by the crack growth. This increase in electrical resistance is believed to be related to the ennoblement of corrosion potential. In other words, it is possible to monitor and detect stress corrosion cracking through measuring electrical resistance. Figure 2b shows the change of current density applying potential of -0.70 V which is close to the corrosion potential and -0.80 V and -0.85 V which correspond to the cathodic polarization. Overall, negative current densities were observed for the applied potentials to the fracture. At the potential of -0.70 V, it was expected to represent a positive current density value because it is a potential slightly nobler than the corrosion potential, but showed a negative current density value. Figure 2c shows the change in current density during applying potential of -0.90 V to -1.20 V, corresponding to the cathodic polarization. It can be seen that as the applied potential shifted in the active direction, the magnitude of the current density became larger and the time to fracture was shortened. In addition, it was apparent that the current density tended to increase with time, especially for active applied potentials. At the applied potential of -1.20 V, which is the most active one among the applied potentials, initially the current density of −9.4 × 10 −3 A/cm 2 was measured, but at the time of fracture the current density of −2.4 × 10 −2 A/cm 2 was measured, showing a 2.5-fold difference between the initial value and final value.
Results and discussion
Evaluation method of susceptibility to stress corrosion cracking by slow strain rate test is described in ASTM G129. Typically, the susceptibility to stress corrosion cracking is expressed as the reduction rate of the crosssectional area, which is the value obtained by dividing the cross-sectional area change by the initial area. In the case of rod-shaped specimens, it is easy to calculate the area by measuring the diameters before and after the test. However, it is not easy to measure the crosssectional area of flat plate specimens, so other method was considered in this study.
The susceptibility to stress corrosion cracking can be measured by measuring the time to failure ratio (TFR) as shown in the following equation.
TFR =
T F e T F c (1)
T F e is the time from the test environment to the failure, and T F c is the time from the controlled environment to the failure. In this study, T F e corresponds to sea water or potential application condition, while T F c refers to atmospheric condition. A material with a failure time ratio in the range of 0.8 to 1.0 can be said to have high resistance to stress corrosion cracking and a value less than 0.5 can be said to be highly susceptible to stress corrosion cracking. Therefore, it is advantageous to maintain the failure time ratio close to 1 in order to improve resistance to stress corrosion cracking. Figure 3 is a graph showing the stress-time curves of the S355ML steel during slow-strain rate test under atmospheric, seawater, and various potentiostatic conditions. At 0 ÷ −0.7 V, which corresponds to the anodic polarization, the time to failure was found to be longer than the sea water condition (18.05 h). At 0 V, the time to failure was similar to that of the atmospheric condition, and at -0.25 V it was delayed rather than atmospheric condition. Even at -0.50 V to -0.70 V, the time was slightly reduced, but it was longer than that in sea water condition. In the potential region corresponding to the anodic polarization, the time to fracture was shorter than that in the seawater condition in all the potential regions except for -0.8 V and there was a tendency that the time was further shortened as the potential shifted in the active direction. Figure 4 is the comparison of time-to-fracture by applied potentials, and the time-to-failure ratio was calculated and listed in Table I . The time-to-failure ratio was 0.74 in the seawater condition when the atmospheric condition was 1, and it was found that the potential corresponding to the anodic polarization was 0.9 or more. In the case of the anodic polarization potential region (0 V to -0.70 V), the resistance to stress corrosion cracking is considered to be high when the time-to-failure ratio is used as the criterion. However, this potential region is hardly regarded as the protection region, since the strength is small. A relatively high time-to-failure ratio, e.g. 0.88 was observed at -0.85 V, which corresponds to the cathodic polarization. Afterwards, the potential decreased sharply as it shifted in the active and then showed the lowest value of 0.41 at -1.1 V. The potential range of -1.0 V to -1.20 V corresponds to the activation polarization region due to hydrogen generation, and the time-to-failure ratio is 0.5 or less. Therefore, this potential range is considered to be vulnerable to stress corrosion cracking due to hydrogen embrittlement. Figure 5 shows SEM photographs of fractured surface of S355ML steel after slow strain rate test under atmospheric, seawater, and various potentials (0 V, -0.5 V, -0.85 V, and -1.2 V). In the atmospheric environment, a typical ductile fracture was observed with dimples composed of a microscopic crater shape. In the case of seawater condition, the ductile failure mode was observed, but the shape of the quasi -cleavage facet was partially observed. In the potential region of 0 ÷ −0.5 V, the ductile fracture was dominant with the partial brittle fracture. In the case of -0.85 V, which corresponds to the cathodic polarization, the ductile fracture pattern predominated, and partially brittle fracture was present (Fig.  5e ). At the applied potential of -1.2 V, the failure mechanism no longer fully ductile but it turned into brittle with a beach mark pattern on the partly cleavage facet (Fig. 5f ). This result was clearly distinguished from the seawater condition and the potential range above -1.2 V indicating a mixed ductile and brittle facet. It is obvious that the potential of -1.2 V was strongly affected by hydrogen because it falls into the activation polarization (2H 2 O + 2e − → H 2 + 2OH − ) region by hydrogen evolution on the polarization curve. Such behavior can be attributed to the cathodic overprotection due to hydrogen embrittlement by a large amount of molecular hydrogen [8] .
Conclusion
In this study, influences of anodic and cathodic potentials on the mechanical characteristics of S355ML steel specimens were investigated using slow strain rate loading in natural seawater solution. The result of the slow strain rate test showed different fracture characteristics depending on the applied potentials. The failure time ratio showing susceptibility to stress corrosion cracking was 0.5 or less in the potential range of -1.0 V to -1.20 V corresponding to the activation polarization region due to hydrogen evolution. The fractography after the slow strain rate test confirmed that the brittle fracture tendency was prevalent in the potential region corresponding to the hydrogen embrittlement. It is concluded that cathodic overprotection exceeding -1.2 V may lead to brittle fracture of the steel structure if conditions for hydrogen-assisted cracking are satisfied.
